A farm-scale investigation was conducted to evaluate the potential impact of integrating glyphosate into different weed management programs when cultivating herbicide-tolerant maize in central Spain from 2012 to 2014. The weed management programs were (1) a conventional weed management with pre-and post-emergent herbicide applications, (2) a weed management program in which the number and total amount of conventional herbicides applied were reduced, and (3) three weed management programs that comprised either two post-emergent applications of the herbicide glyphosate, or only one glyphosate application combined with pre-and/or post-emergent herbicides. Weed density throughout each cropping season was greater in those weed management programs that did not include a pre-emergence application of herbicides than those that did. Moreover, none of the weed management programs affected the richness and species diversity of the weeds or reduced yields. Although the impact of the different programs was similar in terms of weed species diversity, the composition of the weed community differed and this effect must be considered when providing agroecosystem services. Our results indicate that glyphosate-tolerant maize provides an additional tool that allows integrated weed control of the weed populations without reducing yields.
Introduction
Weeds are competitive threats to crop production. For maize, the yield loss due to weeds is 32%, and this loss is bigger than that due to insects (18%) and pathogens (15%) [1] . The European Union (EU) is the world's main user of plant protection products (PPP), with 31% of the global market volume [2, 3] . Herbicides are broadly applied in intensive farming practices for weed control and are used in more than 90% of the areas where maize is produced [4] . Despite their success in increasing crop productivity, this widespread use of PPPs has raised agricultural, environmental, and ecological concerns [5] and increased calls for sustainable pest management. The European Commission Directive 2009/128/EC established a framework to achieve a sustainable use of pesticides and to reduce the risks and impacts of pesticide use on human health and the environment [6] . For complying with the Directive, each member state of the EU is required to prepare an action plan for implementing an integrated pest management (IPM) program, which should include measures to promote and support of the HT crops in an IWM program was reviewed by Lamichhane et al. [40] and it was concluded that effective weed management without herbicide applications in conventional intensive farming systems is not feasible because herbicides are the main component in any IWM program. Additionally, the benefits of weed suppression and/or the maintenance of weed diversity in maize production need to be carefully assessed for each IWM program.
Hence, the aim of this investigation is to determine weed density, richness, and diversity when maize is cultivated under different IWM programs. It is envisaged that the results of this investigation will assist in optimising weed control in maize fields while maintaining an appropriate population of weed species for supporting biodiversity.
Materials and Methods

Plant Material
Maize varieties DKC6451YG (Bt maize event MON810; that expresses the Cry1Ab protein) and the non-Bt near-isogenic line DKC6450 (both from Monsanto Agricultura, Madrid, España), which have an FAO maturity class index of 700, were used in the investigation. A GT maize variety was not used in the investigation because this variety is not authorised for planting in the EU.
Experimental Site and Field Layout
The field trial was carried out in 2012, 2013, and 2014 on a 6-hectare commercial maize field located in Seseña, Toledo, Spain (40 • 05 54" N, 3 • 37 22" W, 495 m above sea leve (a.s.l)) in the Tajo River basin. The field had been cultivated with conventional maize for at least the last ten years. The field's soil has been classified as a typical Calcaric Fluvisol, with a pH of 8.4 and contains 2.1% of organic matter. The location's climate is a semi-arid Mediterranean climate (BSk Köppen climate classification) characterised by wet and mild autumns and winters and by long, dry and hot summers (annual average temperature being 14.6 • C, with a summer and winter average temperature of 24 and 5.5 • C, respectively). The mean annual precipitation is of 366 mm, distributed mainly from October to May and is practically non-existent during the summer cropping season with the consequent summer hydric stress. Table 1 summarizes the field operations in 2012, 2013, and 2014. All field operations, except weed management, were carried out following the practices of local farmers under real field conditions, which can be modified each year according to the requirements of the crop. The seedbed was prepared for sowing each year by disk harrowing, subsoiling, and turning with a rotavator. Maize seeds were annually planted in May at 3 cm depth in 75 cm apart rows using a precision seeder at 80,000 seeds ha −1 . The seeding was carried out in May the three years of the trial. The field was fertilized with an initial basal NPK (8-15-15) fertilizer and a later nitrogen top dress, according to local agronomic practices, which can be modified each year according to the requirements of the crop. Since this region has low and variable rainfall, the maize fields were flood irrigated from June to August every 10-14 days.
The experimental design of the study is totally randomised. Forty plots of 600 m 2 (20 × 30 m) were each seeded with 26 rows of maize, 25 with Bt seed, the other 15 with non-Bt seed. A 5-meter buffer strip of bare soil separated the plots. The experiment comprised five different weed management programs for controlling weeds in fields cultivated with GT maize: a conventional weed management program (Conv; the reference program), a weed management program which reduced the amount and the number of herbicide treatments (HR; herbicide-reduced), and three different programs which incorporated glyphosate. Each weed management program was replicated five times. The Conv program was the standard herbicide treatment that was done by local farmers according to the regional practices for maize production. This program comprised an initial application of two residual herbicides, S-metolachlor and terbuthylazine, to control a wide range of grasses and broad-leaved weeds followed by treatment with two post-emergent herbicides, nicosulfuron and mesotrione, to control grass weeds, especially Sorghum halepense (L.) Pers. The HR program was a post-emergence strategy that reduced the number of treatments and the doses of the herbicides which were applied in the Conv program. The Pre + Gly weed management program comprised an initial application of two commonly used pre-emergent (Pre-)herbicides, S-metolachlor and terbuthylazine, plus a glyphosate (Gly) application in post-emergence. The HR + Gly weed management program comprised the HR program and a glyphosate application in post-emergence implemented to improve the efficacy in controlling potentially difficult weeds. Under the 2 Gly weed management program, two post-emergent applications with glyphosate were performed. Table 2 displays the different weed management programs, the types and number of herbicide treatments, the application times, and the herbicide dosages that were used in the study. The Conv, HR and Pre + Gly programs were implemented on plots in which non-Bt and Bt maize seeds were planted. The herbicides in the HR + Gly and 2 Gly programs were applied only to plots in which Bt maize seeds were planted. The use of glyphosate on non-GT maize would mimic the use of an herbicide on HT maize, whereas its use on Bt maize would mimic the use of a herbicide on a stacked HT-IR maize. The same programs were always implemented on the same plots. In 2012, there was a problem with the layout of the trial and data could be provided for only the HR, HR + Gly and 2 Gly programs. All herbicide applications, except those with glyphosate, were carried out with a tractor-mounted sprayer with flat fan nozzles, which were calibrated for spraying 350 L of herbicide solution ha −1 . The glyphosate treatments were applied inter-row to the entire area of the experimental plots using electric backpack sprayers, which were calibrated to spray the same volume, with a preventive hood to prevent damage to glyphosate-susceptible maize and other crops in close proximity due to potential spray drift of glyphosate.
Temperature ( • C) and rainfall (mm) data for the months of May and June, when the maize was sown, the weeds emerged, and the herbicide treatments were done, were obtained from the Aranjuez weather station. This station is located 5 km from the field trial, 40 • 2 31" N, 3 • 37 53" W, 487 m a.s.l, SiAR network [41] . For the historical period of 2004-2017, a 17.6 • C mean May temperature and a 41 mm average precipitation were recorded, while these values were 23.0 • C and 19 mm in June. Weed management programs: Conv: conventional; HR: herbicide-reduced; Pre + Gly: initial application of a commonly used pre-emergent herbicide followed by a post-emergent application of glyphosate; HR + Gly: HR program followed by a post-emergent application of glyphosate; and 2 Gly: two post-emergent applications of glyphosate. PRE = pre-emergence, POST = post-emergence.
Data Collection
All plots were assessed for weed densities (plants m −2 ) at five sampling times: an initial "S0" assessment was made just after the maize was sown; an "S1" assessment was made just before the first application of glyphosate; an "S2" assessment was made 2-3 weeks following the first application of glyphosate; an "S3" assessment was made 2-3 weeks following the second application of glyphosate; and an "S4" assessment was made when the crop was physiologically mature. These assessments, which correspond to approximately 0, 30, 50, 70 and 120 days after sowing (DAS), were done to determine the effect of each management program on the weeds. The count of each weed species was done in twelve 0.25 m 2 quadrats (3 m 2 ) in the 6th, 13th and 20th row of each plot and 6, 12, 18 and 24 m from the plot's edge. The position of the quadrats was fixed. The mean frequency for each weed species during each season was determined as the percentage of quadrats in each plot in which the species was present at all the sampling times.
Weed-species community structure changes were measured by determining weed density, the species richness (S) and the Shannon-Wiener diversity index (H ) for each plot in the five weed management programs. The H index of diversity was computed as H = − p i ·ln p i , with p i being the relative abundance of each species.
Maize yield was estimated in the years 2013 and 2014, according to Rozier et al. [42] . Ten ears from 10 plants in the middle of each plot were randomly manually collected at harvest and their total fresh weight was recorded in the field. Ears were shelled in the laboratory using a handheld maize sheller and the grain samples were weighed after placing them in an oven at 80 • C for 48 h. The average yield per plant (kg) was obtained as the total bulk weight divided by 10. The number of maize plants per row was also counted for three rows to estimate the plant density of each plot (plants m −2 ). Total dry grain yield (kg ha −1 ) per plot was estimated by the multiplication of the average yield of maize plants by the number of plants per plot.
Data Analysis
Weed density data, log (x + 1) transformed to normalise the distribution, from those plots sown with Bt and non-Bt maize that have received the same weed management programs throughout the three years of field experiment, were subjected to a two-way analysis of variance (ANOVA) to compare the effects of seed variety on weed density for each year. Since maize seed variety did not significantly influence weed density, linear mixed-effects models (LMM) were used to examine the effects on weed density of the five weed management programs in those experimental plots cultivated only with Bt maize in 2013 and 2014. For these analyses, the year and treatment were the fixed factors and the sampling date was the repeated measure factor. Interactions between the factors were included in the models. The best covariance structure for the repeated measures data was selected according to the lowest value of Akaike and Schwarz's Bayesian information criteria [43, 44] . The models were fitted using a restricted maximum likelihood method. Data on weed density data (counts for all quadrats within a plot) were first pooled and then transformed by log (x + 1) prior to the analysis for normality. Pairwise comparisons of the means of weed density among the weed management programs were made using the least significance difference (LSD) test when statistical significance was found. Data on weed species richness and diversity were square-root transformed, pooled across sampling times within plots, and tested by a two-way ANOVA (year and treatment). A two-way ANOVA was also done to examine the relationship between yields and the weed management programs. Pairwise comparisons of the means of weed species richness (S) and diversity (H ) among the weed management programs were made using the Student-Newman-Keuls test. Data for 2012 were analyzed separately (LMM for weed density data and one-way ANOVA for diversity indices). An analysis of major components (PCA) to determine associations between weed species and weed management programs was conducted. For this analysis, weed densities in five replicates per herbicide management system during 2013-2014 were used. All statistical analyses were done using a computerized statistical software package (SPSS, version 13.0, SPSS Inc., Chicago, IL, USA). Data are displayed as mean ± standard deviation and statistical significance was set at 5% for all tests. Figure 1 displays the average daily mean temperatures and total rainfalls during May and June in 2012, 2013 and 2014 for the region where maize was sown, weed germination started, and herbicide treatments were done in this investigation. May 2012 was hotter and drier than normal, with 21.2 • C mean temperature and 25 mm of precipitation. In June 2012, the mean temperature was 24 • C and only 0.61 mm of rain were recorded. May 2013 was much cooler than May 2012: the mean temperature was 14.6 • C and 52 mm of rain fell on the days just after the maize sowing. June 2013 was also cooler than June 2012: the mean temperature was 21.3 • C, and 1.2 mm rain fell. The mean temperatures and rainfalls for May and June 2014 were similar to the historical recordings for these months in the area: 
Results
Weed Species Composition
Across all weed surveys, 24 annual and five perennial species were recorded. The annual species were Abutilon theophrasti Medik., Amaranthus spp. (A. retroflexus L. and A. blitoides S. Watson), Chenopodium album L., Datura spp. (D. stramonium L. and D. ferox L.), Digitaria sanguinalis (L.) Scop., Echinochloa crus-galli (L.) Beauv., Fallopia convolvulus (L.) A. Löve, Kochia scoparia (L.) Schrad., Lactuca serriola L., Lamium amplexicaule L., Polygonum aviculare L., Polygonum persicaria L., Portulaca oleracea L., Salsola kali, L., Setaria spp. (S. adhaerens (Forssk) Chiov., S. verticillata (L.) Beauv. and S. viridis (L.) Beauv.), Solanum nigrum L., Sonchus spp. (S. asper (L.) Hill and S. oleraceous L.), Urtica urens L., and Xanthium strumarium L. The five perennial species were Cyperus rotundus L., Convolvulus arvensis L., Malva sylvestris L., Medicago sativa L. and S. halepense. The dicotyledonous species (22) were more abundant than the monocotyledonous species (7) .
In our field trial, we found that the application of herbicides in pre-and post-emergence, linked to a maize monoculture whose duration is more than ten years, has led to the presence of several dominant weed species. The most frequent species, averaged over the three years in descending order, were those of the genus Setaria (25% ± 6%), E. crus-galli (23% ± 8%), D. sanguinalis (16% ± 6%), S. halepense (12% ± 6%), A. theophrasti (10% ± 5%), Datura spp. (mainly D. stramonium, 8% ± 2%), S. nigrum (5% ± 2%) and Amaranthus spp. (mainly A. retroflexus, 4% ± 2%). Other weed species were present in low densities. 
In our field trial, we found that the application of herbicides in pre-and post-emergence, linked to a maize monoculture whose duration is more than ten years, has led to the presence of several dominant weed species. The most frequent species, averaged over the three years in descending order, were those of the genus Setaria (25% ± 6%), E. crus-galli (23% ± 8%), D. sanguinalis (16% ± 6%), S. halepense (12% ± 6%), A. theophrasti (10% ± 5%), Datura spp. (mainly D. stramonium, 8% ± 2%), S. nigrum (5% ± 2%) and Amaranthus spp. (mainly A. retroflexus, 4% ± 2%). Other weed species were present in low densities.
Weed Species Abundance, Richness, and Diversity
The ANOVA conducted to compare the effects of seed variety on weed density showed that maize seed variety did not significantly affect weed density (F 1, 288 = 2.66, P = 0.10). For this reason, and to avoid an unbalanced ANOVA model analysis, the effect of the weed management programs were compared only on weed density data from plots sown with the Bt maize variety, and the 2012 results are presented separately.
In 2012, the weed community analysis was done only for the HR, HR + Gly and 2 Gly management programs. The mean total weed density and richness (S) in the HR + Gly program were significantly higher (31.3 ± 10.6 plants m −2 and 6.5 ± 0.6 species) than those in the HR and 2 Gly programs, in which no significant differences were detected between total weed density and richness ( Table 3 ). The weed density of the monocotyledonous species was higher compared to the dicotyledonous, averaging 79% ± 7% of the total weed density among the weed management programs. The Shannon-Wiener diversity indices were not significantly different among the HR, HR + Gly and 2 Gly management programs, but the species richness was significantly higher in the HR + Gly treatment (Table 3 ). Data are presented as mean ± standard deviation. Means were compared by a one-way ANOVA and the calculated F value for the treatment (T = weed management program). * p < 0.05 and indicates statistical differences between the weed management programs. Herbicide-reduced (HR) weed management program, HR + Gly (glyphosate) weed management program and 2 Gly weed management program. Figure 2 displays the effects of the five weed management programs on the mean total weed density in the Bt maize plots in 2013 and 2014. Weed density in 2014 was significantly higher than that in 2013 (F 1, 40 = 49.66, p < 0.001). A significant "year-by-treatment" interaction was detected (F 4, 40 = 8.10, p < 0.001). Significant differences in the total mean weed density also existed among weed management programs (F 4, 40 = 10.96, p < 0.001). Weed densities in the Conv or Pre + Gly programs, in which a pre-emergent herbicide was applied, were lower than those in the HR, HR + Gly or 2 Gly programs, in which the herbicides were applied post-emergence. Among weed management programs, the weed density in monocotyledonous species averaged 79% ± 10% and 74% ± 11% of the total weed density in 2013 and 2014, respectively. In 2013 and 2014, the weed densities of monocotyledonous species in those programs with applications in pre-emergence were significantly lower than those with only post-emergence applications (F 1, 40 = 48.15, p < 0.001). Three statistically different groups were formed: one which comprised those weed management programs that included pre-emergence applications (Conv and Pre + Gly), a second group which comprised those programs which included glyphosate (2 Gly and HR + Gly), and a third group which comprised the HR program, which had the highest density of monocotyledonous weeds. However, no significant differences were found in the dicotyledonous density among weed management programs (F 1, 40 = 1.818, p = 0.144), only from year to year, with the highest weed density recorded in 2013 (F 1, 40 = 68.18, p < 0.001). Figure 3 displays the effects of the five weed management programs on the mean total weed density when assessed at the S0, S1, S2, S3 and S4 sampling times in 2013 and 2014. In 2013, the highest weed densities were recorded at 50 DAS (S2 sampling time) in the HR + Gly program and at 70 DAS (S3 sampling time) in the HR program. In 2014, the highest weed densities were recorded at 30 DAS in all weed management programs. Weed density at the five sampling times in those management programs that did not include an application of a pre-emergent herbicide was greater than those in the other management programs. Figure 3 displays the effects of the five weed management programs on the mean total weed density when assessed at the S0, S1, S2, S3 and S4 sampling times in 2013 and 2014. In 2013, the highest weed densities were recorded at 50 DAS (S2 sampling time) in the HR + Gly program and at 70 DAS (S3 sampling time) in the HR program. In 2014, the highest weed densities were recorded at 30 DAS in all weed management programs. Weed density at the five sampling times in those management programs that did not include an application of a pre-emergent herbicide was greater than those in the other management programs.
Significant differences were found in the abundance of the main weed species among management programs ( Table 4 ). The densities of the main weed species increased when there were no applications of a pre-emergent herbicide. This higher density can be clearly seen for the monocotyledonous Setaria spp. and E. crus-galli in the HR, HR + Gly and 2 Gly programs (44.2-62.1 and 16.8-28.8 plants m −2 , respectively) compared to those programs in which a pre-emergent herbicide was applied (8.6-11.0 plants m −2 and 5.6-5.9 plants m −2 , respectively). The density for the dicotyledonous Amaranthus spp. in those programs in which no herbicide was applied in pre-emergence was higher than that in those programs in which this herbicide was used (3.9-16.2 plants m −2 versus 0.2-0.4 plants m −2 ; p < 0.05). Interestingly, the differences in the density of A. theophrasti in programs with and without an application of a pre-emergent herbicide were not so evident. Significant differences were found in the abundance of the main weed species among management programs ( Table 4 ). The densities of the main weed species increased when there were no applications of a pre-emergent herbicide. This higher density can be clearly seen for the monocotyledonous Setaria spp. and E. crus-galli in the HR, HR + Gly and 2 Gly programs (44.2-62.1 and 16.8-28.8 plants m −2 , respectively) compared to those programs in which a pre-emergent herbicide was applied (8.6-11.0 plants m −2 and 5.6-5.9 plants m −2 , respectively). The density for the dicotyledonous Amaranthus spp. in those programs in which no herbicide was applied in preemergence was higher than that in those programs in which this herbicide was used (3.9-16.2 plants m −2 versus 0.2-0.4 plants m −2 ; p < 0.05). Interestingly, the differences in the density of A. theophrasti in programs with and without an application of a pre-emergent herbicide were not so evident. The relationship between weed species abundance and the weed management programs was examined by PCA ( Figure 4) . The results of this analysis revealed a positive correlation between monocotyledonous weed species, such as Setaria spp., E. crus-galli or D. sanguinalis, and the HR, HR + Gly and 2 Gly management programs. The analysis also showed a positive correlation for the abundance of A. theophrasti in the Pre + Gly and Conv programs. No significant relationships between the abundance of other species, such as S. halepense, S. nigrum or Datura spp. and the weed management programs were detected ( Figure 4 and Table 4 ). The impact that the weed management programs have on species richness and Shannon-Wiener diversity indices of weeds is shown in Table 5 for 2013 and 2014. The values for these two parameters in 2013 were higher than those in 2014 (p < 0.001). However, the weed management programs did not affect species richness (F4, 40 = 2.23, p = 0.08) and the diversity indices (F4, 40 = 2.11, p = 0.09).
The influence of the weed density on the estimated yield of Bt maize under the different weed management programs and years was investigated. The maize yield was significantly higher in 2014 than in 2013 (F1, 40 = 26.15, p < 0.007), but there was a year-weed management interaction (F4, 40 = 2.77, p = 0.04). The effect of the different weed management programs on yield was analyzed separately for each year. In 2013, the yield varied from 10,439 ± 709 kg ha −1 in the HR program to 12,117 ± 1264 kg ha −1 in the Pre + Gly program, and the five weed management programs did not significantly influence maize yields (F4,20 = 1.76, p = 0.18). In 2014, the yield varied from 12,473 ± 556 kg ha −1 in the HR + Gly program to 14,387 ± 550 kg ha −1 in the 2 Gly program, the yield in the HR + Gly program being significantly lower than those in the other four programs (F4, 20 = 7.11, p <0.001). The impact that the weed management programs have on species richness and Shannon-Wiener diversity indices of weeds is shown in Table 5 for 2013 and 2014. The values for these two parameters in 2013 were higher than those in 2014 (p < 0.001). However, the weed management programs did not affect species richness (F 4, 40 = 2.23, p = 0.08) and the diversity indices (F 4, 40 = 2.11, p = 0.09). Data were pooled across sampling dates within plots and are presented as mean ± standard deviation. Means were compared by a two-way ANOVA and the F calculated for the two factors, year (Y) and treatment (T = weed management program), and their interaction. * p < 0.05.
The influence of the weed density on the estimated yield of Bt maize under the different weed management programs and years was investigated. The maize yield was significantly higher in 2014 than in 2013 (F 1, 40 = 26.15, p < 0.007), but there was a year-weed management interaction (F 4, 40 = 2.77, p = 0.04). The effect of the different weed management programs on yield was analyzed separately for each year. In 2013, the yield varied from 10,439 ± 709 kg ha −1 in the HR program to 12,117 ± 1264 kg ha −1 in the Pre + Gly program, and the five weed management programs did not significantly influence maize yields (F 4,20 = 1.76, p = 0.18). In 2014, the yield varied from 12,473 ± 556 kg ha −1 in the HR + Gly program to 14,387 ± 550 kg ha −1 in the 2 Gly program, the yield in the HR + Gly program being significantly lower than those in the other four programs (F 4, 20 = 7.11, p < 0.001).
Discussion
Local preceding farming practices are reflected in our maize field. A few weed species dominate the weed community, and this characterization is similar to that in other commercial maize fields in the region [45] and in maize fields in temperate regions [32, 46] .
Four of the five weed management programs, which we implemented in our study, comprised two herbicide treatments and all comprised at least one application of a post-emergent herbicide. Two programs included a pre-emergent herbicide treatment and glyphosate was used in post-emergence in three programs. The Conv weed management program used as the reference program was very effective in maintaining the plots almost weed-free. The mean total weed density was low because the residual herbicide eliminated weeds as they germinated and emerged. Additionally, this program relied on the application of the most common combination of pre-emergent selective herbicides, namely a mixture of a triazine, such as terbuthylazine, for dicotyledonous weed control, and a chloroacetanilide, such as S-metalochlor, for controlling monotyledonous weeds.
We found a similar level of weed control in the Conv and Pre + Gly programs: the use of a residual herbicide in pre-emergence to remove weeds at the early stages of growth followed by treatment with the non-selective glyphosate in post-emergence resulted in very low weed densities throughout the cropping season. Carey and Kells [47] claimed that some weeds could be left for a longer period between the rows of the crop with no loss of yield if they are timely controlled in post-emergence. As was previously reported in the FSEs for maize [48] , we found that when the post-emergent herbicide glyphosate was applied, as in HR + Gly and 2 Gly programs, it was not as effective in controlling weeds as the conventionally used pre-emergent herbicides, which are mostly triazines [48] . Moreover, the HR program allowed a reduction in both the dosages of the herbicides used and in the number of applications in comparison to the Conv weed management program.
We found that the responses of some weed species differed in the weed management programs. The monotyledonous weeds, D. sanguinalis, E. crus galli, Setaria spp., and the dicotyledoneous A. retroflexus, were more abundant in those plots that were treated in post-emergence only than those which were treated in pre-emergence. Additionally, the results of the PCA suggested an association between weed management programs and some weed species. Our results show that Setaria spp. and E. crus-galli were controlled by S-metolachlor, which is highly effective against these monotyledonous weeds when applied in pre-emergence. However, their abundance increased by seven and three orders of magnitude, respectively, in the 2 Gly weed management program. We also found that repeated application of herbicides only in post-emergence could result in a weed shift toward these two late-emerging grasses. Furthermore, A. theophrasti, a weed that germinates throughout the season, was present with an aggregated distribution in some plots in the Pre + Gly and HR + Gly programs. This finding is in agreement with that of Dieleman and Mortensen [49] , who reported that the patches of A. theophrasti are very stable in their location. When A. theophrasti was present in those plots in which the Pre + Gly program was applied, effective weed control was difficult using conventional pre-emergent herbicides, such as terbutilazine, due to their non-selectivity [50] . When A. theophrasti was present in those plots in which the HR + Gly program was applied, it was probably too late for post-emergence control using glyphosate [51] . The presence of A. theophrasti patches in those plots where the HR + Gly program was implemented, which also led to a higher weed density in 2012 in HR + Gly plots compared to HR or 2 Gly (Table 3) , probably reduced the maize yields in 2014 because of late post-emergent weed control using glyphosate in 2012 and 2013. The weeds found in a field are an expression of the existing seedbank The study of effects of the different weed management programs on the germinable weed seedbank is ongoing and the results will contribute to display their effects on the seedbank, which is of utmost importance in IWM [52] .
Nevertheless, our data support the notion that a single herbicide treatment, such as that done in the HR program, can be effective in controlling weeds in maize. Other authors have reported that lowering the herbicide dosages in herbicide applications during the maize cropping season does not affect yield [39, 53] . It has been also reported that the application of glyphosate in GT maize cultivation, alone or in combination with pre-emergent herbicides, can provide a good weed control without affecting crop yield [32] . Since we found that the weed management programs did not affected the maize yield, any program that lowers the herbicide loads can be environmentally favourable because they increase weed abundance, thereby facilitating environmentally sustainable maize cultivation. The environmental benefits include reduced soil and water contamination by the herbicides, and increased abundance of other organisms, which in turn would sustain and even boost biological diversity [30] . Additionally, such programs economically benefit the farmer because their production costs are lowered, thereby increasing their profits. We must also take into account that the spray application technique used determines the efficacy and efficiency of the spray application, so different application techniques (e.g., backpack sprayer vs. tractor mounted boom sprayer) could lead to a different result.
An IWM program may potentially change the species diversity of weeds [54] . The indices of diversity found in this study were in line with the range reviewed by Vasileiadis et al. [39] for maize cultivation in different regions. Although we found that the different weed management programs have similar effects on the species diversity, the weed community composition was different. According to Bàrberi et al. [55] , the alteration in the composition of a weed community changes the resources availability and influences the capacity of plant communities to provide ecosystem services. For example, it may lead to changes in the food supply, refuges or reproduction places to natural enemies of crop pests and/or pollinators [55] [56] [57] . When considering provision of agroecosystem services, interestingly, none of the abundant weed species following the application of only post-emergent herbicides can support insect pollinators [55] . Burger et al. [58] , in a simulation study, showed that local conditions could influence the effects of GT maize on weeds and associated biodiversity. Furthermore, they asserted that the effects were due more to simplification of the cropping-system features of GT maize varieties than to the herbicide, glyphosate.
Before implementing a weed management program, it is important to consider any potential risks associated with the program and the temporal and spatial scales on which it will be used [59] . A reduction in herbicide doses, as well as the continued use of only one non-selective herbicide, has the potential to alter weed abundance and population composition when cultivating a GT crop [48, 60] . The extensive cultivation of glyphosate-resistant crops constitutes a very strong selection pressure that favours the evolution of glyphosate-resistant weeds and the shifts in weed flora towards those that are more difficult to control with glyphosate [61, 62] . When these pressures lead to the prevalence of a single or few weed species, they can also adversely affect the agro-ecosystem.
The weed dynamic assessment conducted in this study for the different weed management programs provide a scientific basis for the development of IWM programs for adoption at a national or regional level. Each weed management option can alter weed communities in different ways and the trophic levels of other communities, which include insects, birds and large animals in an agroecosystem [63, 64] , and these effects must be evaluated in the complex web of interactions between weeds and the other organisms that occur in the agroecosystem.
Conclusions
The conventional weed management program used as the reference program for weed control in maize maintained the plots almost weed-free. The weed management programs with an herbicide application in pre-emergence were more effective in lowering weed density than those with a post-emergence application, which allowed weed populations to remain in the field for a longer period. The HR program allowed a reduction in amount of herbicide applied without affecting the maize yield. Although the different weed management programs have similar effects on the species diversity, the weed community composition was different.
